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(57) ABSTRACT

An error correction circuit coupled to a plurality of memory
cells 1n a memory device includes an error correcting code
(“ECC”) generator and an ECC controller. The ECC genera-
tor 1s coupled to the memory cells and recognizes data bits
stored 1in the memory cells as a plurality of data bit strings 1n
a first direction and as a plurality of data bit strings 1n a second
direction such that each data bit string in the first direction and
cach data bit string 1n the second direction share one data bat
in common. The ECC generator generates a respective cor-
rection code 1n the first direction for each data bit string in the
first direction and also generates a respective correction code
in the second direction for each data bit string in the second
direction. The ECC controller 1s coupled to the memory cells
and the ECC generator. The ECC controller identifies a data
bit string 1n the first direction having more than one data bit in
error based on the respective correction code 1n the first direc-
tion and 1dentifies a data bit string 1n the second direction
having more than one data bit 1n error based on the respective
correction code 1 the second direction. The ECC controller
causes the data bit shared by the 1identified data bit string 1n the
first direction and the i1dentified data bit string in the second
direction to be changed from a respective existing value to a
respective new value different than the respective existing
value.

22 Claims, 14 Drawing Sheets
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MEMORY APPARATUS AND METHOD
USING ERASURE ERROR CORRECTION TO
REDUCE POWER CONSUMPTION

TECHNICAL FIELD

Embodiments of this invention relate to dynamic random
access memory (“DRAM”) devices and, more particularly, to
an apparatus and method for checking and correcting data
stored in DRAM devices with an erasure correction technique
to allow the DRAM devices to consume relatively little power
during refresh.

BACKGROUND OF THE INVENTION

Portable electronic devices, such as notebook computers,
personal digital assistants (“PDA”), mobile phones, personal
entertainment devices and the like, are becoming more and
more popular 1n recent years. Given 1ts portable nature, a
portable electronic device 1s typically powered by battery
when 1n operation. Battery life 1s thus a critical factor atiect-
ing the usefulness of battery-powered electronic devices. Bat-
tery life, 1n turn, 1s atiected by the rate power 1s consumed by
the various components of the electronic device. Because
DRAM 1s widely used 1n many portable electronic devices,
reducing the power consumed by a DRAM device will gen-
erally help reducing the overall power consumption.

In general, the power consumption of a DRAM device
increases with both the capacity and the operating speed of
the DRAM device. The power consumed by a DRAM device
1s also affected by its operating mode. A DRAM device, for
example, will generally consume a relatively large amount of
power when the memory cells of the DRAM device are being,
refreshed 1n a refresh mode.

As 1s well-known 1n the art, DRAM memory cells, each of
which typically comprising a transistor and a capacitor, must
be periodically refreshed to retain data stored 1n the DRAM
device. A refresh operation essentially requires reading data
bits from the memory cells 1n each row of amemory cell array
and then writing those same data bits back to the same cells 1n
the row. A relatively large amount of power 1s consumed for
a DRAM refresh operation because rows of memory cells 1in
a memory cell array of the DRAM are being actuated 1in rapid
sequence. Fach time a row of memory cells 1s actuated a pair
of digit lines for each memory cell are switched to comple-
mentary voltages and then equilibrated. As a result, refresh
operations of a DRAM device tend to be particularly power-
hungry operations. Moreover, because memory cell refresh-
ing must be accomplished even when the DRAM device 1s not
being used (e.g., when the DRAM device 1s 1nactive), the
amount ol power consumed by refresh operation is a critical
determinant of the amount of power consumed by the DRAM
device over an extended period of time. Thus, many attempts
to reduce power consumption in DRAM devices have focused
on reducing the rate at which power 1s consumed during
refresh.

The power consumed by a refresh operation can, of course,
be reduced by lowering the rate at which the memory cells in
a DRAM are being refreshed. However, lowering the refresh
rate increases the risk that data stored 1n the DRAM memory
cells will be lost. More specifically, because DRAM memory
cells are essentially charge-storing capacitors, electric charge
inherently leaks from a memory cell capacitor, which can
change the value of a data bit stored 1n the memory cell over
time. Moreover, electrical current typically leaks from the
memory cell capacitors at varying rates. Some capacitors are
essentially short-circuited and are thus incapable of storing
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2

charge indicative of a data bit. These defective memory cells
can be detected during production testing, and can be repaired

by substituting non-defective memory cells using conven-
tional redundancy circuitry. On the other hand, 1n general
current leaks from most DRAM memory cells atmuch slower
rates that span a wide range. Accordingly, a refresh rate 1s
chosen to ensure that all but a few memory cells can store data
bits without the data bits being in error.

One technique that has been adopted to prevent error 1in the
stored data bits 1s to generate an error correcting code, which
1s known as a parity code or “syndrome,” from each set of the
stored data bits, and then store the syndrome along with the
data. When the data bits are read from the memory cells, the
corresponding syndrome 1s also read and used to determine 1f
any bits of the data are 1n error. As long as not too many data
bits are 1n error, the syndrome may also be used to correct the
read data.

In another technique, a sleep mode using error correction
circuitry 1s employed for low-power data retention. The use of
error correction circuitry allows the extension of internal
refresh period beyond typical refresh characteristics and
thereby achieves reduction of power consumption.

When product codes, such as Hamming product codes, are
employed as the error correction algorithm, under certain
circumstances some errors 1n data bits cannot be corrected.
For example, when four memory cells having erroneous data
bits happen to be the cross points of two rows and two col-
umns ol memory cells (referred to as “cubic failing bits™
hereinafter), error correction 1s not impossible but usually
requires a much more complex error correction circuitry.
Although such cubic failing bits can be corrected by erasure
error correction using soit decision decoding, alarge circuitis
required due to the complex calculation mvolved. Such
approach 1s thus not suitable for implementation in electronic
devices using DRAM.

Accordingly, there 1s a need and desire for a simple cor-
rection algorithm as a viable method for erasure error correc-
tion that can be implemented 1n DRAM devices to achieve
relatively low power consumption.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a typical state diagram of low-power data reten-
tion mode with error correction.

FIG. 2 15 a typical timing diagram of low-power data reten-
tion mode with error correction.

FIG. 3 1s a diagram showing a prior art memory array
configured for storage of data and parity codes.

FIG. 4 15 a flow chart showing a prior art error correction
method 1n a decode process for error detection and correction.

FIG. 5 1s a diagram an example of how errors are corrected
by each pass of error correction 1n the X and Y directions
using the error correction method of FIG. 4.

FIG. 6 1s a flow chart showing an erasure error correction
method of a decode process 1n accordance with an embodi-
ment of the mvention.

FIG. 7 1s a flow chart showing an erasure error correction
method of a decode process 1n accordance with another
embodiment of the invention.

FIG. 8A 1s a diagram showing a scenario of simple error
correction using Hamming product codes.

FIG. 8B 1s a diagram showing a scenario of erasure error
correction 1n accordance with an embodiment of the mven-
tion.

FIG. 9 1s a diagram showing another scenario of erasure
error correction in accordance with an embodiment of the
ivention.
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FIG. 10 1s a diagram showing yet another scenario of
erasure error correction in accordance with an embodiment of

the 1invention.

FIG. 11 1s a simplified block diagram of a synchronous
DRAM (“SDRAM”) 1n accordance with an embodiment of
the 1nvention.

FIG. 12 1s a simplified block diagram of an electronic
device including a DRAM device according to an embodi-
ment of the mvention.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

(L]
Y

ERRED

Certain details are set forth below to provide a sutlicient
understanding of embodiments of the invention. However, 1t
will be clear to one skilled 1n the art that embodiments of the
ivention may be practiced without these particular details.
Moreover, the particular embodiments of the present mnven-
tion described herein are provided by way of example and
should not be used to limit the scope of the invention to these
particular embodiments. In other instances, well-known cir-
cuits, control signals, and timing protocols have not been
shown 1n detail 1n order to avoid unnecessarily obscuring the
ivention.

FIG. 1 1illustrates a typical state diagram 100 of typical
low-power data retention mode with error correction. Low-
power data retention mode, or sleep mode, with error correc-
tion 1s a special self-refresh operable which a DRAM enters
by a low CKE signal with a REF command or exits by a high
CKE signal, for example. In general, the sleep mode opera-
tion mvolves several steps. When a self-refresh SREF com-
mand (the combination of a low CKE signal and a REF
command)1s recerved, an error correcting circuitry reads data
strings irom the array of memory cells, generates a parity
code for each data string, and writes the parity codes to a
designated region of the memory. This step 1s shown as the
“Encode” state in the state diagram 100. Afterwards, the
DRAM enters into the low-power data retention cycle, which
consists of a loop of “PowerOif”—“BurstRefresh™ opera-
tions, until the CKE signal switches to high. While in the
“PowerOfl”— “BurstRelresh” loop, the DRAM power sup-
plies are turned off most of the time as much as possible
(>>tREF, the time for memory cell refresh), and are turned on
for only a relatively short interval to refresh the memory cells,
where the data and the parity codes are stored (burst refresh).
When the CKE signal goes high, the error correcting circuitry
reads both the data strings and the corresponding parity codes
to detect errors in the data strings. If error exists, the error
correcting circuitry writes correct data into the part of the
array where the data in error was read from. This 1s shown as
the “Decode” state 1n the state diagram 100. Once the decode
state 1s complete, the DRAM enters 1nto the “Idle” state and
accepts commands for normal mode of operation. The
DRAM will enter into the Encode state again only upon
receiving a low CKE signal and a REF command. Otherwise,
the DRAM remains in the Idle state.

FIG. 2 illustrates a typical timing diagram 200 of low-

power data retention mode 1n reference to the state diagram
100 1n FIG. 1. As shown 1n FIG. 2, with the CKE signal low,

the DRAM enters into the self-refresh (SR) mode upon the
receipt of the REF command, as indicated by the SR signal
switching high after recerving the REF command. The
DRAM then enters 1nto the low-power data retention mode,
or sleep mode, 11 the DRAM has error correcting circuitry for
error correction to reduce power consumption by prolonging
the power-oil period. As discussed previously 1n reference to
FIG. 1, once the DRAM enters into the sleep mode, parity
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4

codes are generated 1n the encode state, followed by the burst
refresh—power oil loop, which continues until the DRAM
exits the sleep mode upon the CKE signal switching to high.
When the CKE signal switches high, the DRAM exits the
sleep mode and enters 1nto the decode state, as indicated by
the SR signal switching low as a result of the CKE signal
being high. As previously discussed, during the decode state
the error checking and correction operations are performed.
Upon completion of error checking and correction, the
DRAM returns to the 1dle state for normal operations.

FIG. 3 1llustrates a memory array 300 configured for stor-
age of data and parity codes. In general, error-correcting such
as Hamming code, Reed-Solomon code, and BCH code are
suitable for erasure error correction. Each of these error-
correcting codes may be employed as the error correction
algorithm for embodiments of the erasure error correction
methods described later. Typically, a parity code 1s generated
for error detection and correction purposes for each string of
data bits 1n a first direction (e.g., row-wise) and for each string
of data 1n a second direction (e.g., column-wise). The com-
bination of each data string and 1ts corresponding parity code
1s known as a “codeword” in the art. Although a square-
shaped memory array 300 1s shown 1n FIG. 3, 1t 1s merely an
example and should not be deemed to limit the scope of the
invention to only square-shaped memory arrays. Rather,
embodiments of the invention may be implemented with, for
example, a NxM rectangular-shaped memory array where N
and M are not the same.

For the NxN square-shaped memory array 300 shown 1n
FIG. 3, a parity code ParityX<0>-ParityX<IN-1>, 1s gener-
ated for each of the N rows and a parity code Parity’Y <0>-
Parity Y<N-1> 1s generated for each of the N columns. As a
result, in the example shown 1n FIG. 3, there are up to NxN,
or N°, data bits stored with 2xN, or 2N, parity codes for error
detection and correction for the N* data bits in the memory
array 300. Each of the parity codes Parity X<0>-Parity X<N-
1> and ParnityY<0>-Parity Y <N-1>, typically comprising a
number of data bits, may be stored physically next to the row
or column that 1t corresponds to as shown 1 FIG. 3, and also
in FIGS. 5, 6, and 9-11. Alternatively, the parity codes may be
stored elsewhere such as, for example, another memory dif-
terent than the one storing the data the parity codes are related
to.

FIG. 4 illustrates a flow chart 400 of a prior art error
correction method in a decode process using error-correcting
codes 1n reference to memory array 300 of FIG. 3. Using an
X-Y coordinate system with the row address incrementing in

theY direction and the column address incrementing in the X
direction, error correction 1s first carried out in the X direction
for the rows and from row<0> to row <N-1> in step 405.
Afterwards, determination 1s made as to whether or not no
error exists 1n the data bits at this point in step 410. If there 1s
zero error 1n the data bits stored 1in the memory array, the
decode process ends. However, 11 error exists in the data baits,
the process proceeds to step 415 where error correction 1s
carried out 1n the Y direction for the columns and from col-
umn<0> to column <N-1>. In step 420, determination 1s
made as to whether or not zero error exists 1n the data bits at
this point. If there 1s zero error 1n the data bits stored 1n the
memory array, the decode process ends. However, 11 there 1s
still error 1n the data bits, the process proceeds to step 425
where error correction 1s first carried out 1n the X direction for
the rows and from row<0> to row <N-1>for the second time.
Then, determination 1s made as to whether or not error still
exists 1in the data bits in step 430. If error still exists, the
process proceeds to step 435 for error correction 1n the Y
direction, for the second time, for the columns and from
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column<0> to column <N-1>. In step 440, determination 1s
made as to whether there 1s uncorrectable error (1.e. error still
ex1sts 1n the data bits) or there 1s no more error (1.e. all error
has been corrected). Thus, under the decode process shown 1n
flow chart 400, error correction in the X and Y directions 1s
carried out up to two passes. If error still persists after two
passes, the control flow exists the decode process with uncor-
rectable error 1n the data bits. Otherwise, the control flow
exists the decode process without error 1n the data bits.

FI1G. 5 1illustrates a diagram 500 showing an example of
how errors are corrected by each pass of error correction in the
X andY directions using the error correction method shown in
flow chart 400. It 1s assumed that the error detection/correc-
tion hardware and parity codes have the capability of single-
bit correction per data string (e.g. per row or per column of
data bits). In this example, a 16x16 square memory array 1s
used for simplicity as the principle 1s the same for memory
arrays ol any larger size or other shape (e.g. rectangular). As
shown 1n FIG. 5, stage (1) 1s the original state of the memory
array prior to any error correction with multiple data bits 1n
error, each represented by an “X” in the corresponding
memory cell whereas each data bit not in error 1s represented
by a blank memory cell. In stage (2), some of the errors are
corrected by the first pass of error correction 1n the X direc-
tion. Specifically, single-bit errors in row<0>, row<1>,
row<3>, row<5>, row<10>, and row<135> are corrected by
the first pass of error correction 1n the X direction. In stage (3 ),
some more single-bit errors are corrected by the first pass of
error correction 1n the Y direction, including those 1n col-
umn<0>, column<1>, column<3>, column<5>, column<g&>,
column<11>, and column<14>. Next, in stage (4), errors 1n
the data bits are further corrected with the second pass of error
correction 1n the X direction. Specifically, errors in row<6>,
row<8>, row<11>, and row<14> are corrected 1n this stage.
Lastly, the remaiming errors are corrected in stage (5) by the
second pass of error correction in the Y direction, which
yields an error-free memory array shown 1n stage (6).

It should be noted that, even though diagram 500 shows an
example where all errors 1n the data bits stored 1n the memory
array are corrected using the error correction method shown
in FIG. 4, there are cases where not all errors can be corrected
by such error correction method. One example 1s a case where
a four-bit error pattern 1s present 1n a 2x2 square area, such as,
say, Tour bits of error with <row, column> addresses of <6,
11>, <6, 13>, <8, 11>, and <8, 13>. With such a four-bit error
pattern and assuming single-bit error correction capability,
the error correction method shown m FIG. 4 cannot correct
the four bits of error. This 1s because each of row<6>,
row<®&>, column<l1>, and column<13> will have at least
two errors remaining at the <row, column> addresses of <6,
11>, <6, 13>, <8, 11>, and <8, 13> no matter how many
passes of error correction in the X andY directions are carried
out. More specifically, given that there are at least two bits of
error 1n row<6>, row<&>, column<l1>, and column<13>,
the single-bit error correction capability of the error detec-
tion/correction hardware and parity codes precludes the cor-
rection of such four-bit patterned errors. Therefore, with such
error pattern the error correction method of flow chart 400
will result in uncorrectable errors 1n the data bits 1n the end of
the decode process.

FIG. 6 illustrates a flow chart 600 showing an erasure error

correction method 1n a decode process 1n accordance with an
embodiment of the mvention. The erasure error correction
method of flow chart 600 can be utilized for error correction
in a memory array such as the memory array 300 of FIG. 3
where the array of memory cells (and the data bits stored
therein) can be viewed as a number of data strings 1n at least
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a first direction and a second direction. For example, ina X-Y
coordinate system, the X direction may be considered as the
first direction and the Y direction may be considered as the
second direction, or vice versa. In step 605, codewords in the
first direction are read and attempt to correct errors in the
codewords 1n the first direction 1s carried out. Next, code-
words 1n the second direction are read and attempt to correct
errors 1n the codewords 1n the second direction 1s carried out
in step 610. Those codewords 1n the first direction still con-
taining error and those codewords 1n the second direction still
containing error are identified 1n step 615. With codewords 1n
both directions that still contain error 1dentified, 1n step 620
the data bit in each memory cell located at the cross point of
one of the 1dentified codewords 1n the first direction and one
of the 1dentified codewords 1n the second direction 1s flipped
to correct the error.

What happens when a data bit 1s tlipped 1s that the value of
the data bit 1s changed from its existing value to another
possible value. In a binary system, this means changing from
0to 1 or from 1 to O. In one embodiment, 11 the memory cell
located at one of the cross points stored a voltage level indica-
tive of a binary value of 1, the voltage level 1s changed (e.g.,
decreased suificiently) to indicate a binary value of O as a
result of the data bit thipping. Likewise, 11 the memory cell
located at one of the cross points stored a voltage level indica-
tive of a binary value of 0, the voltage level 1s changed (e.g.,
increased suificiently) to indicate a binary value of 1 as a
result of the data bit thpping.

FIG. 7 illustrates a flow chart 700 showing an erasure error
correction method of a decode process 1 accordance with
another embodiment of the invention. Like the method of
flow chart 600, the erasure error correction method of flow
chart 700 can be utilized to correct errors in a memory array
such as the memory array 300 of FIG. 3 where the array of
memory cells (and the data bits stored therein) can be viewed
as a number of data strings in at least a first direction and a
second direction. In step 705, attempt to correct error in
codewords 1n the first direction 1s carried out. Similarly,
attempt to correct error 1n codewords 1n the second direction
1s carried out 1n step 710. In step 715, a determination as to
whether error still exists 1n the codewords 1n both directions 1s
made. IT 1t 1s determined that no more error exists 1n the
codewords 1n both directions, the error correction process
ends as there 1s no more error left to be corrected. I, however,
it 1s determined that error still exists 1n the codewords, the
process proceeds to step 720 where the address of each code
word 1n the second direction still containing error is stored. In
step 725, attempt to correct error in codewords in the first
direction 1s carried out again. Afterwards, a determination as
to whether error still exists 1n the codewords 1n both directions
1s made 1n step 730. IT 1t 1s determined that no more error
ex1sts 1n the codewords 1n both directions, the error correction
process ends. If 1t 1s determined that error still exists in the
codewords, the process proceeds to step 735 where the
address of each code word 1n the first direction still containing
error 1s stored. In step 740, for each codeword 1n the second
direction the address of which 1s stored 1n step 720, the data
bit stored 1n any of its memory cell that 1s also 1n one of the
codewords 1n the first direction the addresses of which are
stored 1s tlipped. In one embodiment, 1n a binary system, a
stored binary value of 0 1s changed to the binary value of 1,
and a stored binary value of 1 1s changed to the binary value
of 0 as a result of the data bit thipping. In step 743, attempt to
correct error 1n those codewords in the second direction the
addresses of which are stored 1s carried out. Again, a deter-
mination as to whether error still exists in the codewords in
both directions 1s made in step 750. If 1t 1s determined that no
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more error exists 1n the codewords 1n both directions, the error
correction process ends. If i1t 1s determined that error still
ex1sts 1n the codewords, then, in step 755, for each codeword
in the first direction the address of which 1s stored 1n step 735,
the data bit stored 1n any of 1ts memory cell that 1s also 1n one
of the codewords 1n the second direction the addresses of
which are stored 1s flipped. As mentioned previously, in one
embodiment 1n a binary system, a stored binary value of 0 1s
changed to the binary value of 1, and a stored binary value of
1 1s changed to the binary value o1 O as a result of the data bat
tlipping.

FI1G. 8 A illustrates a diagram 800(a) showing a scenario of
simple error correction using Hamming product codes. As
known 1n the art, Hamming codes can detect and correct
single-bit errors 1n a single data string. Additionally, Ham-
ming codes typically can detect, but not correct, two or more
simultaneous bit errors 1in a single data string. In the given
scenar1o 1n diagram 800(a), a cubic failing bit pattern (the
data bits in error are shown as “X”’) exists in the memory cell
array. More specifically, there are four memory cells, each
storing a data bit 1n error, located at the four cross points of
two codewords 1n a first direction (e.g., “Codel” in FIG. 8A)
and two codewords 1n a second direction (e.g., “Code2” 1n
FIG. 8A). Here, attempt to correct errors in the Codel direc-
tion 1s first carried out. Although Hamming codes can detect
the existence of two errors in each of the two codewords 1n the
Codel direction, the algorithm nevertheless cannot correct
the two errors due to its failure to pinpoint the location of the
two errors. Attempt to correct errors 1in the Code2 direction 1s
then carried out. Again, although the existence of the two
errors 1n each of the two codewords 1n the Code2 direction can
be detected, the errors are not corrected. This leaves uncor-
rectable errors 1n the cubic failing bit pattern in the memory
cell array.

FI1G. 8B 1llustrates a diagram 800(b) showing a scenario of
erasure error correction in accordance with an embodiment of
the mnvention. An erasure error correction method such as one
of the flow charts of F1IG. 6 and FIG. 7, or a similar variation,
may be 1n use. As in the case of the scenario 1n diagram
800(a), the initial attempt to correct errors in the Codel
direction results 1n uncorrectable error due to the failure of
Hamming codes to correct the two-bit errors in the two code-
words with error 1n the Codel direction. However, when
attempt to correct errors 1n the Code2 direction results 1n
uncorrectable error again, the addresses of those codewords
in the Code2 direction with uncorrectable error are memo-
rized. Then, attempt to correct errors in the Codel direction 1s
repeated again. This time, for each of those codewords in the
Codel direction with detectable but uncorrectable errors, the
algorithm flips the data bit of any memory cell of these code-
words that 1s also 1n one of the codewords in the Code2
direction the addresses of which were memorized 1n the pre-
vious step. As shown in diagram 800(d), because the four data
bits 1n error 1n the two codewords 1n the Codel direction that
have detectable but uncorrectable errors are also 1n the two
codewords 1n the Code2 direction the addresses of which
were memorized previously, the act of flipping the data bits
elfectively corrects the uncorrectable errors in the cubit fail-
ing bit pattern. In FIG. 8B the corrected data bits are shown as
“O”.

FI1G. 9 illustrates a diagram 900 showing another scenario
ol erasure error correction in accordance with an embodiment
of the invention. Here, 1n addition to a cubit failing-bit pat-
tern, there are a few more data bits 1n error. Using an erasure
error correction method similar to that shown in FIG. 6 or
FI1G. 7, error correction 1n the Codel direction 1s first carried
out. In this scenario, because the four Codel codewords with
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error all have more than one data bit in error none of the errors
are corrected in this pass of error correction. When error
correction 1n the Code2 direction 1s carried out, two of the
erroneous data bits are corrected due to the fact that each of
these two bits 1s a single-bit error 1n 1ts respective Code2
codeword. Additionally, those Code2 codewords with uncor-
rectable errors are identified (e.g., the addresses of which are
memorized). Error correction in the Codel direction 1s again
repeated, and, if uncorrectable error persist, data bit tlipping,
will also be executed. As can be seen, two of the data bits 1in
error remaining {rom the previous pass are corrected due to
the fact that each of these two bits 1s a single-bit error 1n its
respective Codel codeword. Moreover, the four data bits of
the cubic failing-bit pattern are corrected as a result of the data
bit tlipping given that these four bits are 1n the two Code2
codewords that were 1dentified (e.g., the addresses of which
were memorized) previously. However, a side effect of data
bit flipping 1s that, as can be seen, two of the previously
error-iree data bits are now in error as a result of the data bat
tlipping. This happens because these two data bits not only are
in one of the three Code2 codewords with uncorrectable
errors 1n the previous pass but also are each 1n one of the two
Codel codewords with uncorrectable errors in the current
pass. Because of the existence of these two newly created
error bits, the algorithm 1dentifies the two Codel codewords
in which these two data bits are located. In the next pass, when
error correction 1n the Code2 direction 1s repeated, the two
remaining erroneous data bits are corrected as a result of data
bit flipping.

It should be noted that 1n the scenarios just described 1n
FIGS. 8B and 9, whether using the erasure error correction
method of FIG. 6 or FIG. 7, when error correction 1s carried
out for the second time 1n either the Codel or Code2 direction
it 1s not necessary to conduct error correction for all of the
codewords 1n that direction. In particular, 1n one embodiment,
error correction may be carried out for just those codewords
that were 1dentified with uncorrectable errors 1n the previous
pass for the same direction. This would save both the time and
power consumed 1n error correction. In another embodiment,
error correction may be carried out for all the codewords
regardless that only some of them still have errors.

FIG. 10 1illustrates a diagram 1000 showing yet another
scenario of erasure error correction 1n accordance with an
embodiment of the invention. In this scenario, there are not
only one but two cubic failing-bit patterns of erroneous data
bits existing in the memory cell array. Although 1t 1s rare for
such an occasion to occur, this scenario 1s given to 1llustrate a
situation where uncorrectable errors persist even when
embodiments of the erasure error correction methods are
employed to correct the errors. Given that the process of error
correction carried out in FIG. 10 1s similar to those in FIGS.
8B and 10, 1n the interest of brevity only the highlight of this
scenar1o will be discussed.

In FIG. 10, due to the physical locations of the two cubic
failing-bit patterns, there are sixteen cross points arising from
the mtersection of four Codel codewords with uncorrectable
errors and four Code2 codewords with uncorrectable errors.
As such, when data bit flipping 1s executed all sixteen data bits
located at the cross points are changed from one respective
value to another. Although the data bit flipping corrects the
errors 1n eight of the sixteen data bits that were originally
erroneous, 1t also creates eight new data bits 1n error. When
error correction 1s carried out for the other direction, data bit
tlipping takes place again. As a result, the data bits located at
the sixteen cross points are iverted back to their original
values. In other words, at this stage 1t 1s as 11 no error correc-
tion was ever carried out with respect to the eight original data
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bits 1n error. Thus, 1n a rare case such as the scenario shown in
FI1G. 10, the errors will remain uncorrectable even with the
erasure error correction method in accordance with an
embodiment of the invention.

FI1G. 11 1llustrates a simplified block diagram ofa SDRAM
10 1n accordance with an embodiment of the invention. It
should be understood that DRAM devices typically include a
large number of other components, which have been omitted
from FIG. 11 1n the interests of brevity and clarity. The
SDRAM 10 includes an address register 12 that receives bank
addresses, row addresses and column addresses on an address
bus 14. The address bus 14 1s generally coupled to a memory
controller (not shown in FIG. 1). Typically, a bank address 1s
received by the address register 12 and 1s coupled to bank
control logic 16 that generates bank control signals, which are
described further below. The bank address 1s normally
coupled to the SDRAM 10 along with a row address. The row
address 1s recerved by the address register 12 and applied to a
row address multiplexer 18. The row address multiplexer 18
couples the row address to row address latch & decoder
circuit 20a-d for each of several banks of memory cell arrays
22a-d, respectively. One of the latch & decoder circuits 20a-d
1s enabled by one of the control signals from the bank control
logic 16 depending on which bank of memory cell arrays
22a-d 1s selected by the bank address. The selected latch &
decoder circuit 20 applies various signals to 1ts respective
bank 22 as a function of the row address stored in the latch &
decoder circuit 20. These signals include word line voltages
that activate respective rows of memory cells 1n the banks 22.
The row address multiplexer 18 also couples row addresses to
the row address latch & decoder circuits 20a-d for the purpose
of refreshing the memory cells 1n the banks 22a-d. The row
addresses are generated for refresh purposes by a refresh
counter 30.

After the bank and row addresses have been applied to the
address register 12, a column address 1s applied to the address
register 12. The address register 12 couples the column
address to a column address counter/latch circuit 32. The
counter/latch circuit 32 stores the column address, and, when
operating 1n a burst mode, generates column addresses that
increment from the received column address. In either case,
either the stored column address or incrementally increasing
column addresses are coupled to column address & decoders
38a-d for the respective banks 22a-d. The column address &
decoders 38a-d apply various signals to respective sense
amplifiers 40a-d through column 1nterface circuitry 42. The
column 1nterface circuitry 42 includes conventional 1/O gat-
ing circuits, DQM mask logic, read data latches for storing
read data from the memory cells in the banks 22 and write
drivers for coupling write data to the memory cells 1n the
banks 22.

Data to be read from one of the banks 22a-d are sensed by
the respective set of sense amplifiers 40a-d and then stored in
the read data latches 1n the column interface circuitry 42. The
data are then coupled to a data output register 44, which
applies the read data to a data bus 48. Data to be written to the
memory cells 1n one of the banks 22a-d 1s coupled from the
data bus 48 through a data input register 50 to write drivers 1n
the column iterface circuitry 42. The write drivers then
couple the data to the memory cells in one of the banks 22a-d.
A data mask signal “DQM” 1s applied to the column interface
circuitry 42 and the data output register 44 to selectively alter
the tlow of data 1nto and out of the column interface circuitry
42, such as by selectively masking data to be read from the
banks of memory cell arrays 22a-d. The width of the internal
input/output bus that transfer data between the column nter-
face circuitry 42, the data output register 44, and the data
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input register 50 may be, for example, 32 bits, 64 bits, 128
bits, or any other number of bits depending on the application.

The above-described operation of the SDRAM 10 15 con-
trolled by control logic 56, which includes a command
decoder 58 that recetves command signals through a com-
mand bus 60. These high level command signals, which are
typically generated by a memory controller (not shown in
FIG. 1), are a clock a chip select signal CS#, a write enable
signal WE#, a column address strobe signal CAS#, and a row
address strobe signal RAS#, with the “#” designating the
signal as active low. Various combinations of these signals are
registered as respective commands, such as a read command
or awrite command. The control logic 56 also receives a clock
signal CLK and a clock enable signal CKE#, which cause the
SDRAM 10 to operate 1n a synchronous manner. The control
logic 56 generates a sequence of control signals responsive to
the command signals to carry out the function (e.g., a read or
a write) designated by each of the command signals. The
control logic 56 also applies signals to the refresh counter 30
to control the operation of the refresh counter 30 during
reiresh of the memory cells 1 the banks 22. The control
signals generated by the control logic 56, and the manner 1n
which they accomplish their respective functions, are conven-
tional. Therefore, 1n the interest of brevity, a further explana-
tion of these control signals will be omitted. The control logic
56 also includes a mode register 64 that may be programmed
by signals coupled through the command bus 60 during 1ni-
tialization of the SDRAM 10. The mode register 64 then
generates mode control signals that are used by the control
logic 56 to control the operation of the SDRAM 10 1n various
modes.

The SDRAM 10 also includes a sleep-mode block 70 1n
accordance with an embodiment of the invention. The sleep-

mode block 70 includes a state machine 72, an error correct-
ing code (“ECC”) controller 74, and an ECC coder/decoder

(“‘codec™) 76. In operation, when the SDRAM 10 1s to enter
into a sleep mode, the control logic 56 1ssues a signal SR to the
state machine 72. Upon receiving the SR signal, the state
machine 72 outputs a signal SLPF to the control logic 56 to
initiate sleep-mode operation for the SDRAM 10. While 1n
sleep mode, the control logic 56 and the address register 12
receive and respond to internal commands and internal
addresses, respectively, 1ssued by the ECC controller 74, and
1gnore external commands and addresses.

The state machine 72 follows the state diagram 100 of FIG.
1 by a self-refresh SREF command. As the operation tlows
through the different states according to the state diagram
100, the state machine 72 enables the ECC controller 74 to
perform the required tasks. The ECC controller 74, in turn,
generates coder/decoder control signals to control the opera-
tion of the ECC codec 76. The ECC codec 76 generates a
parity for each data string during the Encode state, and
detects/corrects errors during the Decode state, in reference to
the state diagram 100. In one embodiment, one ECC codec 76
1s employed 1n the SDRAM 10. In another embodiment, more
than one ECC codec 76 1s employed in the SDRAM 10 to
work 1n parallel to speed up the process.

It should be understood that FIG. 11 1s merely an example
of one of the various embodiments of the invention. For
instance, instead of having an ECC controller 74 and an ECC
codec 76, as shown in FIG. 11, a DRAM device 1n accordance
with another embodiment of the invention may have an error
correction logic 78 that1s capable of performing the functions
of ECC controller 74 and ECC codec 76. In yet another
embodiment, there may be additional circuitry (not shown) 1n
the sleep-mode block 70 that perform other functions. It
should also be understood that the erasure error correction
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algorithms or methods 1n accordance with embodiments of
the invention as discussed herein can be implemented irre-
spective of the physical configuration of the error correcting
circuitry, whether the implementation uses the ECC control-
ler 74 and ECC codec 76, the error correction logic 78, or
similar error correcting circuitry.

FIG. 12 1llustrates a simplified block diagram 1200 of an
clectronic device including a DRAM device having circuitry
for error detection and correction in accordance with an
embodiment of the invention, such as the DRAM device of
FIG. 11. The electronic device 1200 may be, for example, a
notebook computer, a PDA, a mobile phone, or a processor-
based system using a DRAM device. The electronic device
1200 includes a processor 1202 for performing various com-
puting functions, such as executing specific software to per-
form specific calculations or tasks. The processor 1202
includes a processor bus 1204 that normally includes an
address bus, a control bus, and a data bus. In addition, the
clectronic device 1200 includes one or more 1nput devices
1244, such as a keypad, touch-sensitive screen, keyboard, or
a mouse, coupled to the processor 1202 to allow an user to
interface with the electronic device 1200. Typically, the elec-
tronic device 1200 also includes one or more output devices
1246 coupled to the processor 1202, such output devices
typically being a video terminal, an audio terminal, or a
printer. One or more data storage devices 1248 are also typi-
cally coupled to the processor 1202 to allow the processor
1202 to store data or retrieve data from internal or external
storage media (not shown). Examples of typical storage
devices 1208 include hard drives, compact disk read-only
memories (CD-ROMs), and the like. The processor 1202 1s
also typically coupled to cache memory 1210 and to the
DRAM device 1250, which may be a synchronous DRAM,
such as the SDRAM 10 of FIG. 11, or another variety of
DRAM, through a memory controller 1212. The memory
controller 1220 normally includes a control bus 1222 and an
address bus 1224 that are coupled to the DRAM device 1250.
A databus 1230 of the DRAM device 1250 may be coupled to
the processor bus 1204 either directly (as shown), through
memory controller 1220, or by some other means.

From the foregoing 1t will be appreciated that, although
specific embodiments of the invention have been described
herein for purposes of 1llustration, various modifications may
be made without deviating from the spirit and scope of the
invention. Accordingly, the invention 1s not limited except as
by the appended claims.

What 1s claimed 1s:

1. An error correction circuit coupled to a plurality of
memory cells in a memory device, comprising:

an error correcting code (“ECC”) generator coupled to the

memory cells, the ECC generator operable to recognize
data bits stored 1n the memory cells as a plurality of data
bit strings 1n a first direction and as a plurality of data bt
strings 1n a second direction such that each data bit string,
in the first direction and each data bit string in the second
direction share one data bit in common, the ECC gen-
erator turther operable to generate a respective correc-
tion code 1n the first direction for each data bit string 1n
the first direction and generate a respective correction
code 1n the second direction for each data bit string 1n the
second direction; and
ECC controller coupled to the memory cells and the
ECC generator, the ECC controller operable to 1identity
cach data bit string in the first direction having more than
one data bit 1n error based on the respective correction
code 1n the first direction and 1dentily each data bit string
in the second direction having more than one data bit 1n
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error based on the respective correction code 1n the sec-
ond direction, the ECC controller further operable to
cause the data bit shared by the 1dentified data bit string
in the first direction and the 1dentified data bit string 1n
the second direction to be changed from a respective
existing value to a respective new value different than
the respective existing value, and wherein the ECC con-
troller 1s further operable to determine whether or not at
least one of the data bits 1s still in error after each of the
shared data bits has been changed to the respective new
value.

2. The error correction circuit of claim 1 wherein 1n 1den-
tifying a data bit string 1n the first direction having more than
one data bit 1n error based on the respective correction code 1n
the first direction and identifying a data bit string in the
second direction having more than one data bit 1n error based
on the respective correction code in the second direction, the
ECC controller 1s operable to store a respective address of the
identified data bit string in the first direction and store a
respective address of the 1dentified data bit string in the sec-
ond direction.

3. The error correction circuit of claim 1 wherein, after
determining there 1s at least one data bit still in error, the ECC
controller 1s operable to identily each data bit string in the first
direction having more than one data bit in error and 1dentity
cach data bit string in the second direction having more than
one data bit 1n error, and wherein the ECC controller 1s further
operable to cause each of the data bits shared by the identified
data bit strings in the first direction and the identified data bat
strings 1n the second direction to be changed from arespective
existing value to a respective new value different than the
respective existing value.

4. A memory device, comprising:

a plurality of memory cells each storing a respective data
bit, the memory cells being recognized as a plurality of
first groups of memory cells and as a plurality of second
groups of memory cells, each of the first groups and each
of the second groups having one memory cell 1n com-
mon, each first group having no memory cell in common
with another first group, each second group having no
memory cell in common with another second group; and

an error correction logic coupled to the plurality of
memory cells, the error correction logic operable to
identify the first and second groups that have data bits 1n
error where each of the memory cells having the data bits
in error cannot be located in the respective identified first
or second group, the error correction logic further oper-
able to change the data bit 1n a memory cell that 1s 1n one
of the 1dentified first groups and also in one of the 1den-
tified second groups from a respective first value to a
respective second value different than the respective first
value, the error correction logic further operable to

determine whether or not the plurality of memory cells
still have at least one data bit 1n error after the error
correction logic changed the respective data bit in each
memory cell that 1s 1n one of the 1dentified first groups
and also 1n one of the identified second groups from a
respective first value to a respective second value differ-
ent than the respective first value, and 1s further operable
to correct error 1n a data bit stored 1n one of the memory
cells if the one of the memory cells can be located.

5. The memory device of claim 4 wherein the error correc-
tion logic 1s further operable to correct error 1n a data bit
stored 1n one of the memory cells 11 the one of the memory
cells can be located.
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6. The memory device of claim 4 wherein the error correc-
tion logic, in identitying first and second groups that have data
bits 1n error where each of the memory cells having the data
bits 1n error cannot be located 1n the respective 1dentified first
or second group, 1s operable to store a respective first group
address for a first group having memory cells with data bits in
error and store a respective second address for a second group
address for a second group having memory cells with data bit
1N error.

7. An electronic device, comprising:

an 1mput device;

an output device;

a data storage device;

a processor coupled to the mput device, the output device,

and the data storage device; and

a memory device coupled to the processor, the memory

device comprising:

a plurality of memory cells each storing a respective data
bit, the plurality of memory cells arranged in rows and
column’s; and

an error correction logic coupled to the plurality of
memory cells, the error correction logic operable to
identity the rows and columns having data bits 1n error
where each of the memory cells having the data bits 1n
error cannot be located in the respective identified row
or column, the error correction logic further operable
to change the data bit 1n at least one memory cell that
1s 1n one of the 1dentified rows and also 1n one of the
identified columns from a respective first value to a
respective second value different than the respective
first value, the error correction logic further operable
to determine whether or not the plurality of memory
cells still have at least one data bit 1in error after the
error correction logic changed the respective data bit
in each memory cell that 1s 1n one of the identified
rows and also 1n one of the identified columns from a
respective first value to a respective second value
different than the respective first value, and 1s further
operable to correct error 1n a data bit stored in one of
the memory cells 11 the one of the memory cells can be
located.

8. The electronic device of claim 7 wherein the error cor-
rection logic 1s further operable to store a respective row
address for each 1dentified row and store a respective column
address for each 1dentified column.

9. The electronic device of claim 7 wherein the error cor-
rection logic 1s further operable to determine whether or not
the rows and columns still have memory cells with data bits in
error but the memory cells with data bits 1n error cannot be
located 1n the respective row or column after the error correc-
tion logic changed the respective data bit in each memory cell
that 1s 1n one of the identified first groups and also 1n one of the
identified second groups from a respective first value to a
respective second value different than the respective first
value.

10. The electronic device of claim 7 wherein the error
correction logic 1s further operable to 1dentity the rows and
columns that st1ll have data bits in error and to change the data
bitin each memory cell that1s in one of the identified rows and
also 1n one of the identified columns from a respective first
value to a respective second value different than the respec-
tive first value 11 1t 1s determined the rows and columns still
have memory cells with data bits 1n error but the memory cells
with data bits 1n error cannot be located 1n the respective row
or column.
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11. The electronic device of claim 7 wherein the memory
device comprises a dynamic random access memory
(DRAM) device.
12. A method for correcting error in data bits each stored in
a respective one ol a plurality of memory cells arranged 1n
rows and columns, comprising;
verilying error status of stored data bits for the rows of
memory cells having data bits in error and also for the
columns of memory cells having data bits 1n error;

storing a respective row address of each row of memory
cells having data bits 1n error and storing a respective
column address of each column of memory cells having
data bits 1n error;

identifying each of the memory cells having an associated

row address that 1s one of the stored row addresses and
also having an associated column address that 1s one of
the stored column addresses; and

changing a respective data bit stored 1n at least one of the

identified memory cells from a respective first value to a

respective second value different than the respective first
value.

13. The method of claim 12, further comprising:

determining whether or not there is at least one data bit 1n
error; and

correcting the error 1n the row or column having the at least
one data bitin error 1f there 1s at least one data bit in error.

14. The method of claim 13, further comprising;:

determiming whether or not there 1s still at least one data bit
1N error:;

identifying memory cells that are 1n the rows of memory
cells having data bits in error and also 1n the columns of
memory cells having data bits in error 11 there 1s still at
least one data bit 1n error; and

changing the respective data bit stored 1n each of the 1den-
tified memory cells from a respective first state to a
respective second state.

15. The method of claim 12, further comprising:

correcting error in the rows for each memory cell having
data b1t 1n error the location of which 1n a respective row
1s known before 1dentifying memory cells that are 1n the
rows of memory cells having data bits 1n error and also
in the columns of memory cells having data bits 1n error;
and

correcting error in the columns for each memory cell hav-
ing data bit 1n error the location of which 1n a respective
column 1s known before 1dentifying memory cells that
are 1n the rows of memory cells having data bits 1n error

and also 1n the columns of memory cells having data bits
1N error.

16. The method of claim 15, further comprising:

determining whether or not at least one of the data bits 1s
still 1n error;

identifying each of the rows and columns having memory
cells with data bits 1n error 1f at least one of the data bits
1s still 1n error; and

changing the respective data bit stored 1n at least one of the
memory cells each being 1n one of the 1dentified rows
and also 1n one of the 1dentified columns from a respec-
tive first value to a respective second value different than
the respective first value.

17. A method for correcting error in data bits each stored in

a respective one of an array of memory cells, comprising:

correcting erroneous data bits with the memory cells rec-
ognized as a plurality of first strings 1n a first direction;

correcting erroneous data bits with the memory cells rec-
ognized as a plurality of second strings 1n a second
direction orthogonal to the first direction;
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verilying error status of the stored data bits for the first and
second strings of memory;

identifying each of the first and second strings having
memory cells with data bits 1n error after error correction
in the first and second directions;

storing a respective first string address of each of the first
strings having memory cells with data bits 1n error and
storing a respective second string address of each of the
second strings having memory cells with data bits 1n

CITor;
identifying each of the memory cells having an associated
first string address that 1s one of the stored first string
addresses and also having an associated second string
address that 1s one of the stored second string addresses;

and

changing the respective data bit stored in at least one

memory cell that 1s 1n one of the identified first strings
and also 1n one of the identified second strings from a
respective first value to a respective second value differ-
ent than the respective first value.

18. The method of claim 17 wherein the act of 1dentifying
cach of the first and second strings having memory cells with
data bits 1n error comprises:

determining whether or not each of the first strings has

memory cells with data bits 1n error;

determining whether or not each of the second strings still

has memory cells with data bits in error.
19. The method of claim 17 wherein the act of correcting
erroneous data bits with the memory cells recognized as a
plurality of first strings 1n a first direction comprises:
generating a respective first error correcting code as data
bits are written to the memory cells of each first string;

determining whether or not the data bits stored in each the
first string are 1n error based on the respective first error
correcting code;

locating the memory cells with data bits 1n error for each

first string; and
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changing an erroneous data bit from a respective first value
to a respective second value 1f the respective memory
cell storing the erroneous data bit can be located in the
respective first string.

20. The method of claim 17 wherein the act of correcting

erroneous data bits with the memory cells recognized as a
plurality of second strings in a second direction orthogonal to

the first direction comprises:

identitying each of the second strings having memory cells
with data bits 1n error:

determining whether or not at least one of the data bits
stored 1n the first string are 1n error; and

correcting erroneous data bits 1n the first strings 1f at least
one of the data bits stored 1n the first string are 1n error.

21. The method of claim 17, further comprising:

correcting erroneous data bits 1n the first strings after
changing each of the data bit stored in the memory cells
cach being 1n one of the identified first strings and also 1n
one ol the identified second strings from a respective
first value to a respective second value; and

correcting erroncous data bits in the second strings after
changing each of the data bit stored in the memory cells
cach being 1n one of the identified first strings and also 1n
one of the identified second strings from a respective
first value to a respective second value.

22. The method of claim 21, further comprising:

determiming whether or not at least one of the data bits 1s
still 1n error;

identifying each of the first and second strings having
memory cells with data bits 1n error 11 at least one of the
data bits 1s still in error; and

changing the respective data bit stored in at least one of the
memory cells each being in one of the 1dentified first
strings and also 1n one of the identified second strings
from a respective first value to a respective second value
different than the respective first value.
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